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Defects in modern materials theories

Cutting through an SFT Dislocations in y-TiAl Disclinations in nematic liquid crystals
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Defects are central to modern materials theories. They are agents of “multiscaling” that connect
atomic and macroscopic scales. Atomic-level physics determines defect structures and properties.
Defect physics determines macroscale behaviors such as diffusion, plastic deformation, radiation

response, phase transformations, microstructure evolution, and corrosion.



Lecture outline

e Point defects
— Vacancies and interstitials
— Point defect reactions

* Dislocations
— Review of definitions
— Interaction with point defects
— Climb, prismatic loops

* Grain boundaries and heterophase interfaces
— Macroscopic and microscopic degrees of freedom
— Interaction with point defects



Point defect formation

Vacancy Self-interstitial
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Relaxation volume

Vacancy Self-interstitial
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Differential dilatometry
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Resistivity annealing
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41 72 Vacancy migration
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Vacancy data

Element  E, (eV) AE/ (eV) AS/ (k) Av, (Q)  AE" (eV)
Ag 2.85 1.11 1.5 N/A 0.66
Al 3.36 0.67 0.7 -0.05 0.61
Cu 3.54 1.28 2.8 -0.25 0.70
a-Fe 4.29 1.59-1.73 N/A -0.05 0.55
Mg 1.6 0.79 ~0 0.5-0.6 (?) N/A
Mo 6.81 3.0 1.6 0.1 1.35
Pb N/A 0.58 2.6 N/A 0.43
W 8.66 3.6 3.2 N/A 1.70
Zr N/A >1.5 N/A -0.05 0.6-0.7

H. J. Wollenberger, “Point Defects” in Physical Metallurgy, R. W. Cahn and P.

Haasen, eds. (North Holland, 1996)



Interstitial data

Element Structure AEif (eV) Av, (Q) AET (eV)
Cul <100>-sd 3.23 1.0 0.038
o-Fe? <110>-sd 3.64 N/A 0.34
Cr3 Crowdion 5.66 N/A <0.01
Mo3 <111>-sd 7.42 N/A <0.01
w3 <111>-sd 9.55 N/A <0.01
Zr4 Octahedral 2.84 1.16 N/A

1y, Mishin, M. J. Mehl, D. A. Papaconstantopoulos, A. F. Voter, J. D. Kress, Phys. Rev. B 63, 224106 (2001)
2C.-C. Fu, F. Willaime, P. Ordejon, Phys. Rev. Lett. 92, 175503 (2004)

3D. Nguyen-Manh, A. P. Horsfield, S. L. Dudarev, Phys. Rev. B. 73, 20101 (2006)

4C. Domain, A. Legris, Phil. Mag. 85, 569 (2005)



Self-interstitial structures: fcc metals
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H. Landolt, P. Ehrhart, H. Ullmaier, Atomic Defects in Metals (Springer, 1991)




Self-interstitial structures: bcc and hcp
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H. Landolt, P. Ehrhart, H. Ullmaier, Atomic Defects in Metals (Springer, 1991)




<100> view

<110> view

Vacancy and self-interstitials in Cu

Vacancy <100>-split dumbbell Crowdion
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Frenkel pair formation and
recombination




Vacancy-interstitial recombination

Neara 23 GB in Cu

Octahedral near twin GB Bulk <100>-split dumbbell

Dumbbell at twin GB
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M. J. Demkowicz, O. Anderoglu, et al., JMR in press (2011)






TEM of Vacancy and interstitial
clusters

Mobile point defect clusters in Cu implanted with 240keV Cu* at 828K
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H. Abe, N. Sekimura, T. Tadokoro, Mater. Trans. 46, 43 (2005)
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Point defect annealing stages

Isochronal annealing of Pt
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Dislocations

Extra half-plane

J. P. Hirth, J. Lothe, Theory of Dislocations (Krieger, 1992)




Burgers circuit: edge dislocation
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J. P. Hirth, J. Lothe, Theory of Dislocations (Krieger, 1992)




Burgers circuit: screw dislocation
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D. Hull, D. J. Bacon, Introduction to Dislocations (Butterworth-Heinemann, 1984)
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TEM observation of dislocations, 1
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D. Hull, D. J. Bacon, Introduction to Dislocations (Butterworth-Heinemann, 2001) 23



TEM observation of dislocations, 2
in y-TiAl

G. B. Viswanathan, V. K. Vasudevan, M. J. Mills, Acta Mater. 47, 1399 (1999)
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Dislocation core and surrounding
“good material”
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Dislocation stress fields

Screw
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Pressure around an edge dislocation

p-[Brt(1=v)/u(1+v)]
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Atomistic modeling of dislocations, 1

Dislocation emission from crack tip in Jennard-Jones fcc solid

F. F. Abraham, R. Walkup, H. J. Gao, M. Duchaineau, T. D. de la Rubia, M. Seager, PNAS 99, 5783 (2002)



Atomistic modeling of dislocations, 2

Dislocation emission from grain boundaries in nc-Al
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V. Yamakov, D. Wolf, S. R. Phillpot, A. K. Mukherjee, H. Gleiter, Nature Materials 1, 1 (2002)
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Point defect trapping at dislocations

* |nteractions often described by a trapping radius:
— larger for edge dislocations than screw dislocations
— larger for interstitials than vacancies -
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Jogs

extra half-plane

dislocation

D. Hull, D. J. Bacon, Introduction to Dislocations (Butterworth-Heinemann, 2001)
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Forces on dislocations



XX

Peach-Koehler climb force

v

b/2 >

< b/2—>

fclimb i

1
XX xx |

W=

(0L, L)b=(

xXx°y’z

Work done
by o,

fclimblz )<_ly

Work done
by 1:climb

< b/2—>

)

b/2—>

climb —

XX

XX



Curvature and osmotic forces
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g Glide loop

Glide loops created by a
/ 2 ac in Si

D. Hull, D. J. Bacon, Introduction to Dislocatio
(Butterworth-Heinemann, 2001)




Prismatic loop

glide cylinder
or prism
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D. Hull, D. J. Bacon, Introduction to Dislocations
(Butterworth-Heinemann, 2001)




Formation of prismatic loops by
vacancy or interstitial clustering

Prismatic vacancy loop
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TEM observation of prismatic loops

Vacancy loop in quenched Al <100> interstitial loops in a-Fe
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B. L. Eyre, J. Phys. F 3,422 (1973)



Dissociated dislocations in FCC metals

Undissociated

dislocation Stacking fault
Shockley partial
dislocations
acl plane BCD
[; = [;  t [; 5 D. Hull, D. J. Bacon, Introduction to Dislocations
¢ p p

(Butterworth-Heinemann, 2001) 39



Jogs on extended dislocations

Compact jogs Extended jogs Manual molecular dynamics
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P. B. Hirsch, Philos. Mag. 7, 67 (1962)



Stacking fault tetrahedra
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D. Hull, D. J. Bacon, Introduction to Dislocations
(Butterworth-Heinemann, 2001)
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J. P. Hirth, J. Lothe, Theory of Dislocations (Krieger, 1992) a1



Grain boundary macroscopic degrees
of freedom
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Coincidence-site lattice (CSL)



Coherent/semicoherent/incoherent
GBs on {112} planes in a-Fe

Semicoherent (5° twist) Incoherent (30° twist)

Coherent (23 {112} twin)
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TEM observation of semicoherent GBs

Si twist GB o-Fe

C. Chen et al., Philos. Mag. A 80, 881 (2000) D. Hull, D. J. Bacon, Introduction to Dislocations
(Butterworth-Heinemann, 2001)




Read-Shockley model

1001 e e y for tilt GBs in silicon ferrite
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GB mobility and diffusivity

GB migration in Al
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Zn diffusivity in Cu GBs
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GB-point defect interactions

Dislocation model of tilt GB sink
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A. H. King, D. A. Smith, Metal Science 14, 57 (1980)

Structural unit model of vacancy trapping
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GB sink strength
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Multiple atomic
configurations at
Cu-Nb interfaces

M. J. Demkowicz, R. G. Hoagland, J.
P. Hirth, PRL 100, 136102 (2008)

Heterointerfaces

Amorphous layers
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Complexions in variously doped Al,O,
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Summing up...

Important things to keep in mind:

e Vacancies and interstitials undergo reactions:
— Recombination, clustering

* Point defects interact with dislocations
— More strongly with edge than with screw
— Interstitials more strongly than vacancies
— Cause climb, prismatic loop formation
* Avariety of grain boundary and heterophase

interface structures are possible, resulting in a
variety of interactions with point defects



